We have investigated the possibility of using diffuse reflectance polarimetry to detect changes caused by different molecular compounds and concentrations in tissue-simulating phantoms. The effects of glucose, β-alanine and l-lysine at different concentrations in turbid media have been investigated separately. This approach is based on the effect of optical properties on the polarization state of light. The results show that this method has potential for determining changes in molecular concentrations in highly scattering biological media from polarization images.
Introduction
Today, diabetes affects a significant number of people in the world [1] . In 1995, diabetes mellitus accounted for 2.6% deaths in the United States, corresponding to 59,085 people. Diabetes was the seventh cause of death in the U.S. in 1995 [1] . The current methods used in monitoring glucose levels in blood usually involve pricking the finger and taking a blood sample for testing. The complications caused by diabetes, and the need to continually monitor blood glucose levels are added reasons for the extensive research today for new and improved methods for detecting glucose in biological tissues. Noninvasive optical methods for detecting and monitoring the disease conditions are of particular interest, and are topics of ongoing research [2] .
Kohl et al. and Maier et al. separately studied the effects of increasing glucose in blood on the light scattering properties using a frequency-domain tissue spectrometer and a CCD spectrophotometer, respectively [3, 4] . Bruulsema et al. reported measuring reduced scattering coefficient in blood using spatially resolved diffuse reflectance [5] . Several research groups have used diffuse reflectance polarimetry to study properties of turbid media [6] [7] [8] [9] [10] . Hielscher et al. documented the dependence of polarization patterns on the size and concentration of the scatterers in the medium [11] . Dogariu and Asakura reported studies on polarization patterns obtained from weakly scattering media [12] . In an earlier study, results on polarization anisotropy in multiple scattering regime were reported [13] .
In this study, we have investigated the possibility of using diffuse reflectance polarimetry for detecting changing glucose and other molecular concentrations (β-alanine, and l-lysine) in highly scattering tissue-simulating media. These molecular compounds are optically transparent but affect the optical properties of the media. There are two main possible mechanisms that affect the optical properties of the media under study. The first mechanism is a change of the scattering coefficient brought about by the change of the refractive index of the interstitial fluid due to the addition of different molecules [4] . The second mechanism, which could affect the optical properties, is the optical activity of the added molecules, which causes rotation of the optical polarization. Optical activity is characterized by the chirality of the molecules. A third possible mechanism is molecular interactions within the turbid medium. The diffuse reflectance polarimetry relies on the fact that the polarization of light is affected by the overall optical properties of the medium on which the light is incident [5, 8, 11, 14] .
In this study, the changes in polarization pattern images were investigated when different organic materials, namely, glucose (D-(+)-glucose, or dextrose), β-alanine and l-lysine were added in different concentrations to the turbid media. l-lysine and β-alanine are amino acids found only in trace amounts in the body. The average levels of alanine and lysine found in plasma are 420 µmol/l (3.7418 mg/dl) and 200 µmol/l (2.9238 mg/dl), respectively [15] . On the other hand, blood glucose levels vary between 80 and 160 mg/dl in healthy adults but can rise up to 600 mg/dl in diabetic patients [16] . With the primary interest in glucose sensing, l-lysine was chosen due to the fact that it is an optically active, or rather chiral molecule, like glucose. β-alanine is optically inactive, and was chosen for the purpose of comparison among polarization patterns to determine whether the pattern changes were due to optical activity or scattering effect. The index of refraction for D-glucose (0.5% mass) and β-alanine can be found in literature as 1.337 and 1.444 [17] , respectively. The specific rotation for l-lysine and D-glucose used in our experiments are cited as 15.29 and 52.7
o dm −1 (g/dl) −1 [18] . In diffuse reflectance polarimetry adopted in our experiments, linearly polarized laser light of 1.5 mm diameter was shone onto the surface of the phantoms, and the images of the polarization patterns formed around the area of light incidence were acquired using a CCD camera with a plane polarizer in front of the camera. Here, it is shown that polarization patterns can be affected by the addition of relatively low concentrations of molecules to a highly scattering medium. By adding different concentrations of molecules, we intended to simulate the changes in molecular compound concentrations in interstitial fluid that are possible to occur in actual biological tissues under undesirable disease conditions. Our goal has been to correlate the changes of the polarization patterns with the concentration of the added molecular compounds. Figure 1 illustrates the experimental setup. The light source used was a 594 nm HeNe laser (Uniphase, model 1677, 4mW) with a spot diameter of 1.5 mm, and was normally incident on the phantom. A prism plane polarizer (Newport, LOGTO4AR.14) was used in front of the laser to linearly polarize the incident beam. The diffusely reflected light from the phantom surface went through a second prism plane polarizer (Newport, LOGTO4AR.14) adjusted 90 o with respect to the first polarizer, which acted as the analyzer. The 90 o orientation of the second polarizer allowed imaging the diffusely reflected light in perpendicular polarization mode. Polarization patterns are formed after the light passes through this second polarizer. Experimental system setup for imaging the polarization patterns of the turbid medium using a laser light source, two polarizers, a micro lens, and a CCD camera/detector.
Materials and methods
These polarization patterns were collected by a Nicon micro lens attached to an 18-bit CCD camera/detector (EG&G PARC, model 1515P). The CCD camera had a photodetector chip area of 512X512 pixels with each pixel area being 19X19 µm 2 . The image was focused onto the CCD array by adjusting the focal length of the micro lens and by changing the height of the surface of the phantom to the appropriate focal plane. The camera was held at 18 o to the direction of the incident laser beam by an aluminum plate which allowed variable degrees of rotation of the camera. To obtain symmetric images, the camera should be located directly above the point of incidence, or at 0 o to the surface normal. However, due to the physical dimensions of the CCD and laser, 18 o was the lowest angle that the camera could be adjusted in the system. The CCD camera/detector system was connected to a personal computer for camera control and data acquisition. Image acquisition was achieved via the OMA controller board (EG&G, Model 1564) and WinView Software. All the experiments were performed under dark room conditions. Background images were collected with the laser light off, and subtracted from each of the actual images obtained from the phantom with the laser turned on. The average of twenty-five consecutive images was taken and stored as the final image for each sample to minimize possible laser fluctuation and other system noise effects.
We prepared a liquid phantom with known optical properties (reduced scattering coefficient, µ s , and absorption coefficient, µ a ) similar to those of biological tissue. The phantom consisted of intralipid suspension and trypan blue dye diluted in distilled water [19] , where the intralipid was used as scatterers and trypan blue dye as absorbers. The optical properties of the phantom were µ s =10 cm −1 and µ a =0.1 cm −1 obtained from a mixture of 500 ml of distilled water, 165 µl of trypan blue dye, and 14.3 ml of 20% intralipid suspension.
Glucose, β-alanine and l-lysine were added to separate phantom solutions. Each phantom solution was imaged with compound concentration levels of 241, 310, 379, 448, 517, 1207, 2586 and 3965 mg/dl. The lower concentration levels were chosen for their closeness to the actual blood glucose levels of diabetic patients. The concentration range was chosen to test the sensitivity of the system to the amount of added molecular compounds. The experiments were repeated with the same concentrations of β-alanine and l-lysine.
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Results and analysis
For data analysis, first, the raw polarization patterns of images for each concentration were studied. The analyzed image corresponded to a 151X151 pixel area, or an actual imaged area of 9.44X9.44 mm 2 , which sufficiently included the area of the polarization patterns. Outside the central 151X151 pixel image area, the pixel intensity was too low to contribute to quantitative analysis results. The radius of the pattern is approximately two or three transport mean free paths of the medium, where the transport mean free path of the phantom was calculated to be 0.099 cm based on its definition given by 1/(µ s +µ a ). Beyond the pattern, the polarization image had no visually distinct features because scattering had randomized the polarization of light. As expected, because the added molecular compound (glucose, β-alanine, l-lysine) quantities were relatively small, no visually noticeable variations among different concentrations and compounds in liquid phantoms could be observed from these raw images (Fig. 2) . Sample raw images as obtained by the CCD camera/detector system for glucose, β-alanine and l-lysine. Each row depicts images of increasing concentrations from left to right for the corresponding compound. The asymmetry about the horizontal axis through the center of each row is due to the 18 o tilt of the CCD camera and lens system. The spot of laser incidence can be noted in the center of the butterfly patterns.
To extract the small changes brought about by the added small compound amounts, the difference patterns between the images were investigated. In each class (glucose, β-alanine, l-lysine), the image pertaining to the lowest added compound concentration (241 mg/dl) was taken as the reference medium, and subtracted from all the rest of the images to obtain the difference images. The value of 241 mg/dl was chosen as a reference to better represent changes with respect to physiological glucose levels. Before taking the difference images, each individual image was first normalized between the values of 0 and 255 to eliminate the sensitivity to possible laser intensity fluctuations. The difference images were calculated as in Eq. (1),
where I d is the intensity difference image, I c is the normalized image of the phantom solution with different concentrations of the added compound, and I r is the normalized reference, or the image corresponding to the lowest 241 mg/dl compound concentration. Figure 3 depicts a set of difference images obtained from the normalized images of glucose, β-alanine and l-lysine in the phantom solution for the covered range of concentrations. As can be seen in Figure 3 , there is a distinct pattern intensity change among the highest concentration difference images (I c = 517, 1207, 2586, 3966 mg/dl, or I d = 276, 966, 2345, 3725 mg/dl) for all the added compounds in the phantom solutions. The pattern changes become more prominent as the difference between the concentrations increases. The difference images for concentration levels from 310 to 448 mg/dl are not shown. Qualitatively, these images suggest that concentration differences of 966 mg/dl and higher can be detected under the tested conditions for all the mentioned molecular compounds. The same observations can be made from the analysis of ratio images when each image was divided by I r . Figure 4 shows the ratio images for the same data set. To quantify the changes in these patterns, the correlation (corr) between different raw images and different difference images were calculated. For the correlation calculations, the absolute intensity values were used to eliminate negative correlation values. In addition, the mean-square difference (MSD) and root mean-square difference (RMSD) were determined for the raw images. The MSD and RMSD, separately, are similar for raw and difference images, as can be deduced from the equations that follow. The correlation, MSD and RMSD were calculated with respect to the lowest concentration image in the corresponding classes. The correlation and mean-square difference between two images are found by Eq. (2) and Eq. (3), respectively,
where l indicates the medium with the lowest concentration, n indicates all other media with higher concentrations, img l is the image pertaining to the lowest concentration, img n represents an image of a higher concentration level, and i and j are Cartesian coordinates of the pixels in each image. The RMSD is calculated from MSD as in Eq. (4).
The correlation, MSD and RMSD analyses used takes advantage of the entire data points within the 2D image. This reduces possible noise effects in calculations by smoothing out or averaging all the information within an image. Figures 5 and 6 show the correlation plots among the raw and difference images. MSD and RMSD plots are presented in Figures 7 and 8 . Correlation between raw images. Correlation is plotted for each compound, namely, glucose, β-alanine and l-lysine, with respect to the lowest concentration in each class, against increasing concentration (mg/dl). Correlation between difference images. The absolute value of the intensity of the difference images was used to obtain positive correlation values. Correlation is plotted for each compound (glucose, β-alanine and l-lysine) against increasing concentration difference (difference relative to the 241 mg/dl images). Root Mean-Square Difference for all molecular compounds with respect to the lowest concentration (241 mg/dl) image. Of particular importance is the linear change of the polarization patterns with respect to increasing glucose concentration.
The correlation and MSD plots show that currently, it is possible to differentiate between concentration differences larger than 276 (517-241) mg/dl both in the case of optically active and inactive molecules. Figure 5 shows a distinct decrease in the correlation with respect to the lowest concentration image as the concentration increases beyond 517 mg/dl. Similarly, in Figure 7 , the MSD increases markedly beyond concentration levels of 517 mg/dl, suggesting the separability of patterns above this concentration level. Figure 6 shows similar trends for the higher concentration difference levels suggesting noise in the correlation among low concentration difference images. The results hold true for all glucose, β-alanine and l-lysine experiments. Figure 8 is showing an approximately linear dependence of the RMSD value with respect to the added glucose concentration.
Correlation for ratio images is similar to those of raw images. MSD and RMSD results for ratio images follow the same trend as those results for raw and difference images.
Discussion and conclusions
As mentioned before, when the organic substances are added into the phantom, two main possible factors could alter the images of the diffuse reflectance polarimetry. The first factor is the variation in the concentration of the added substance in the interstitial fluid, which leads to a change in the index of refraction of the interstitial fluid. Because the scattering coefficient depends on the relative index of refraction between the intralipid scatterers and the interstitial fluid, the change in the index of refraction of the interstitial fluid alters the scattering coefficient of the phantom. The second factor is the optical activity of the added substances. Glucose and l-lysine are optically active molecules, which means that they rotate the polarized light upon interaction with them. On the other hand, β-alanine is an optically inactive molecule, which means β-alanine does not cause changes in the angle of polarization of the light incident upon it.
The fact that similar trends in polarization patterns were observed both in the case of optically active and inactive molecules suggests that the changes in polarization patterns due to the added substances are dominated by the changes in the refractive index of the interstitial fluid. This is further supported by the linear relation between the concentration of glucose, and refractive index, and the former and reduced scattering coefficient. Figure 9 (a) shows how the refractive index of water is affected by the addition of glucose [4] . Figure 9 (b) shows the effect of glucose concentration on the reduced scattering coefficient of the scattering medium with an initial µ s of 10 cm −1 as in our experiments [4] . These graphs were calculated assuming a refractive index of 1.46 for the scatterers, and 1.325 for the water [4, 19] . Figure 9 (b) was calculated using RayleighGans theory [4] as in Eq. (5),
where n 1 =1.46, n 0 =1.325, and the proportionality factor, K=963 cm −1 . causes minute rotation of light because of the short path length of light contributing to the polarization patterns. Glucose has a specific rotation of 52.5 o dm −1 (g/dl) −1 at 589 nm incident wavelength [20] . In more familiar units, this translates into 52.5X10 −7 degrees of rotation of the polarization vector for each mm of pattern length and for each added glucose concentration of 1 mg/dl.
The rotation caused by glucose can, therefore, be estimated using the following formula,
where φ is the rotation of the incident polarization vector caused by glucose, in degrees, l is the polarization pattern radius in mm, and c is the added glucose concentration in mg/dl. It is important to point out that the reason why, in our experiments, the pattern radius, and not the pathlength traveled by photons, can be used to estimate the total rotation caused by glucose, is that from the point of incidence to the outer edge of the pattern, light travels a horizontal distance that is equal to the pattern radius while it makes a round trip vertically. Only the horizontal propagation contributes to the rotation of polarization; and the round trip has a zero net rotation because the upward and downward propagations cancel each other's contributions to the rotation. Therefore, the rotation is related to the pattern radius rather than the pathlength.
For a pattern length of about 5.8 mm with a pattern radius of 2.9 mm, which is representative of the collected images in our experiments (Fig. 2) , at the low glucose concentrations between 241 and 517 mg/dl, the rotation is between 0.367 and 0.787 milli degrees. Between concentration levels of 1207 and 3966 mg/dl, rotation increases to between 1.838 and 6.038 milli degrees. The optical rotation caused by l-lysine can also be calculated in a similar fashion. The calculated rotation values hint minimal contribution to the cross-polarization patterns by the polarization vector rotated by glucose.
These results may suggest that the rotation induced by glucose is minute at the tested concentration levels, and the main effect on the patterns are due to changes in the refractive index, hence the reduced scattering coefficient.
Molecular interactions between the host medium and added compounds are also possible and require further investigations for their possible effect on polarization patterns.
Overall these results show that the method of diffuse reflectance polarimetry can be used to identify variations in concentrations of different compounds in turbid media. This is a novel approach in determining concentration changes of interstitial fluids. These results are very encouraging.
The concentration levels tested for β-alanine and l-lysine are much higher than what is found in the body. This method may not be adequate for biological detection of these two substances. However, within the tested concentration range, β-alanine and llysine provide a good comparison for the behavior of different molecules in turbid media. From the results of our experiments, the trend in the change of the refractive index with respect to increasing concentration caused by the three compounds are comparable.
Further studies include detecting concentration differences at physiologic levels for glucose, and developing elaborate feature extraction techniques to quantify and correlate small pattern changes to molecular concentrations and optical property changes at lower molecular levels. The following stages of this research involve multiple studies on data to be acquired from actual biological tissues, and the development of an algorithm for automatic determination of compound levels in tissues, which can be used
